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Abstract

Limited information is available on what constitutes optimal growth in dogs. The primary aim
of this study was to develop evidence-based growth standards for dogs, using retrospective
analysis of bodyweight and age data from >6 million young dogs attending a large corporate
network of primary care veterinary hospitals across the USA. Electronic medical records
were used to generate bodyweight data from immature client-owned dogs, that were healthy
and had remained in ideal body condition throughout the first 3 years of life. Growth centile
curves were constructed using Generalised Additive Models for Location, Shape and Scale.
Curves were displayed graphically as centile charts covering the age range 12 weeks to 2
years. Over 100 growth charts were modelled, specific to different combinations of breed,
sex and neuter status. Neutering before 37 weeks was associated with a slight upward shift
in growth trajectory, whilst neutering after 37 weeks was associated with a slight downward
shift in growth trajectory. However, these shifts were small in comparison to inter-individual
variability amongst dogs, suggesting that separate curves for neutered dogs were not
needed. Five bodyweight categories were created to cover breeds up to 40kg, using both
visual assessment and hierarchical cluster analysis of breed-specific growth curves. For 20/
24 of the individual breed centile curves, agreement with curves for the corresponding body-
weight categories was good. For the remaining 4 breed curves, occasional deviation across
centile lines was observed, but overall agreement was acceptable. This suggested that
growth could be described using size categories rather than requiring curves for specific
breeds. In the current study, a series of evidence-based growth standards have been devel-
oped to facilitate charting of bodyweight in healthy dogs. Additional studies are required to
validate these standards and create a clinical tool for growth monitoring in pet dogs.

Introduction

The growth phase is fundamental to the lifelong health and wellbeing of all humans. A growth
pattern that deviates from optimal can result from malnutrition or the presence of an
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underlying developmental disorder. An atypical growth pattern can also predispose to obesity,
with overly rapid growth or catch-up growth being known risk factors [1]. Growth standards,
such as those created and promoted by the World Health Organisation [2,3], have become an
essential component of the human paediatric tool kit, allowing trained health professionals to
compare an individual’s growth and development with that of a healthy reference population
[2,3]. Such standards can also be used to describe the requirements, health, and wellbeing of
populations as well as determining and monitoring the effectiveness of interventions or envi-
ronmental factors [3,4].

As with humans, growth patterns that deviate from ideal can be indicative of either the
presence of or potential for disease in companion animals [5]. Some early life diseases can be
associated with retarded growth, whilst over-nutrition can be associated with becoming over-
weight [6] and with developmental musculoskeletal disorders (e.g. diseases of the osteochon-
drosis group) in predisposed breeds such as the Great Dane [7,8]. However, there is limited
information and little current guidance available on what constitutes optimal growth in dogs,
with growth standards equivalent to those used in children not currently available. Indeed, the
canine species presents a unique challenge when attempting to develop such standards,
because of the diversity of breeds with vastly different shapes and sizes, ranging from the 1 kg
Chihuahua to the 115 kg St Bernard [9]. These breeds have considerably different growth pat-
terns with very small dogs reaching maturity at between 8 and 12 months of age and larger
breeds requiring up to 24 months to reach adult body weight [10]. Therefore, unlike the WHO
growth standards, it is unlikely that a single growth standard could be created that could be
applied to all dogs. Furthermore, whilst previous studies have reported how bodyweight
changes during the growth phase for a small number of breeds [10,11,12,13,14], such data are
not sufficient for creation of growth curves for all breeds and sizes.

The primary aims of this study were to develop evidence-based growth standards for dogs,
using bodyweight data from a large population of healthy pet puppies attending veterinary
hospitals in the USA. The secondary aims were to create standards that were applicable to all
breeds and sizes of puppy, accounted for sex and neuter status, and could be used to chart
healthy growth during early life.

Materials and methods
Study design

This was a retrospective observational study using bodyweight and age data from a population
of healthy puppies. The study has been reported according to the STrengthening and Report-
ing of Observational Studies in Epidemiology (STROBE) statement guidelines [15], in accor-
dance with the REporting of studies Conducted using Observational Routinely-collected
health Data (RECORD) extension statement (S1 Table) [16].

Description of the sample population

Banfield Pet Hospitals comprise a network of over 900 primary care veterinary hospitals
located mainly in the USA, which have stored patient records electronically since the mid
1990’s. Bodyweight is routinely measured during consultations, whilst breed information is
supplied by dog owners but is not verified.

Data extraction

The proprietary database of electronic patient medical records from Banfield Pet Hospitals
was used, henceforth referred to as the ’patient record database’. CS and DW had (read and
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write) access to a copy of the database (also in Oracle format) containing records up to March
2013, from which client names and their addresses had been removed. Records were available
for registered canine patients from this time back to 1994. However, given the growth in client
numbers over this time, three quarters of the available data dated from 2003 onwards.

The database was searched for purebred dogs under 3 years of age and additionally either
presenting for preventative healthcare reasons or receiving a ‘healthy’ diagnosis (see below for
full details). The database queries extracted relevant visit information (patient ID, visit date,
visit type, diagnoses received and also age, weight and body condition (if available) of the
patient at the time of the visit), together with patient information (patient ID, breed, date of
birth and date of neutering [if available]) for all visits by purebred dogs (as evidenced by a spe-
cies field and the absence of a mixed breed ‘flag’) where the age at visit was under 3 years. Neu-
tering dates had been previously calculated for all dogs neutered at a Banfield Pet Hospital,
using details contained in the clinical records, and stored in an additional table. Neutering
dates were not available for dogs neutered elsewhere. Given that all variables used for database
searching were primary fields, simple search terms were used and no validation of search algo-
rithms were required.

Eligibility criteria for inclusion into the dataset

Dogs were eligible for inclusion when their data were collected at visits for routine ‘preventa-
tive healthcare’, or where the diagnosis was ‘healthy pet’, and where the age (calculated from
visit date and date of birth), contemporaneous bodyweight and neuter status of the puppy (cal-
culated from visit date and neuter date, where applicable) could be confirmed for those visits.
Data from visits for which any of this information was missing were excluded. Only dogs with
at least one bodyweight recorded between the ages of 0.20 years (~10 weeks) and 2.25 years (2
years 3 months) were used for modelling. Dogs that had received a predicted or actual body
condition rating other than ‘normal’ or ‘ideal’ (for details, see ‘Generation and Recording of
Clinical Data’), or who had received a diagnosis of ‘underweight’, ‘overweight’ or ‘obesity’ at
any point up to the age of 3 years were excluded from the dataset. In addition, all individuals
needed to have received a predicted body condition rating of ‘normal’ at one or more visits
between the ages of 2 and 3 years, since this was taken as an indicator of acceptable body con-
dition having been achieved in young adulthood.

The dog breeds eligible for inclusion are given in Table 1. As a starting point for creating
size categories, eligible breeds were initially classified into 5 size classes (toy, small, medium,
large and giant) based on a size grouping used in a previously published study [10]. Breeds
were assigned to these size classes according to the mean weight across all adult individuals
(>2 years old) for that breed in the database. Mixed breed dogs, and those from all other
breeds, were excluded.

At the time of the data extraction, there were 5.5m individual dogs between 10.4 weeks and
2.25 years old in the patient record database, of which 3.8 x10° were purebred. Of these, 3.1
x10° were recorded as being of one of the selected breeds (giving coverage of 57% and 82% of
young dogs and purebred young dogs, respectively).

Generation and recording of clinical data

At the time of initial registration for a puppy, owners supplied signalment data (date of birth,
breed [including whether purebred] and sex) which were routinely recorded in the electronic
medical records. If a puppy was neutered using a routine surgical procedure (i.e. an elective
procedure and not undertaken for health reasons, such as to treat pyometra), this was recorded
in the records. Bodyweight was routinely recorded at all visits using "walk-on’ electronic scales.
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Table 1. Comparison of the pre-existing size classification with the new size categorisation.
Pre-existing size classes' New size categories?
Class |Weight |Breeds Category |Weight |Breeds
(kg) (kg)
Toy <5 Chihuahua, Yorkshire Terrier, Maltese, Toy Poodle, | <6.5 Chihuahua, Yorkshire terrier, Maltese terrier,
Pomeranian Toy Poodle, Pomeranian, Miniature Pinscher
Small 5t0 <10 | Miniature Pinscher, Shih Tzu, Pekingese, Dachshund, Il 6.51t0 <9 | Shih Tzu, Pekingese, Dachshund, Bichon
Bichon Frise, Rat Terrier, Jack Russell Terrier, Lhasa Apso, Frise, Rat Terrier, Jack Russell Terrier, Lhasa
Miniature Schnauzer, Fox Terrier, Pug Apso, Miniature Schnauzer
Medium | 10 to Boston Terrier, American Cocker Spaniel, Beagle, 1} 9to <15 | Fox Terrier, Pug, Boston Terrier, American
<25 Australian Shepherd, Chow Chow, Basset Hound Cocker Spaniel, Beagle
Large |25t040 | Siberian Husky, English Bulldog, Pit Bull Type, Boxer, v 15to Australian Shepherd Dog, Chow Chow, Basset
German Shepherd Dog, Golden Retriever, Labrador <30 Hound, Siberian Husky, English Bulldog, Pit
Retriever, American Bulldog, Rottweiler Bull Type Boxer
Giant 40+ Great Dane, Mastiff \" 30to German Shepherd Dog, Golden Retriever,
<40 Labrador Retriever, American Bulldog
\'! 40+ Rottweiler, Great Dane, Mastiff

1 Size classes used in a previously published modelling study [10].
2 New size categories, produced after hierarchical modelling.
Bold type denotes breeds for which a breed specific model was created.

https://doi.org/10.1371/journal.pone.0182064.t001

Most Banfield Pet Hospitals use the Weigh South V-2501 large animal veterinary weighing
scales (Weigh South Inc, Asheville, North Carolina, USA) after modification by Northwest
Scale Systems (Tualatin, OR, USA), with a minority using the VSSI Way™ Platform Scale (VSSI
Inc, Carthage, Missouri, USA).

Body condition was examined as part of the eligibility criteria. Historically, body condition
was graded using a subjective 3-category body condition assessment (‘thin’, ‘normal’, or
‘heavy’). However, a 5-category body condition score (BCS) scale was introduced in 2010,
which was equivalent to the 5-point system used in a previous study [17]. Veterinarians were
required to choose one of five categories (e.g. ‘very thin’, ‘thin’, ‘ideal weight’, ‘overweight’, and
‘markedly obese’) after their clinical assessment and with reference to guidance diagrams.
However, since the majority of the data extracted used the old 3-category assessment, this
information was favoured for analysis. In order to utilise post-2010 data, all 5-category BCS
measurements were converted into equivalent 3-category body condition assessments by
merging ‘very thin’ and ’thin’, and ’overweight’ and "'markedly obese’.

Veterinarians assessed body condition at their discretion. If body condition was not
assessed, it remained at its default value of 'normal’. To avoid the possibility that such assess-
ments were not an intentional selection from the attending clinician, these values were not
used in the analysis, with a predictive model instead being used to predict the most likely BCS.
Linear discriminant analysis models were built for 33 common breeds (based upon number of
dogs under 2 years old in the database) to predict BCS in adult dogs from actual weight, rec-
ommended weight and demographic factors (sex, neuter status, age and breed). Predictions
where no category had a certainty of over 60% were replaced with ‘unknown’. These models
were tested on unseen validation datasets and were found to have acceptable accuracy (70-
75%, depending on breed). However, such models were not built for puppy visits because of
the added complexity of predicting body condition while the individual was still growing.
Therefore, for visits under 2 years old where the body condition was left at the software’s
default value, the BCS was replaced by ‘unknown’. One final validation check was to review
the diagnosis field in the electronic medical record, where it is possible for veterinarians to
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record an actual diagnosis of ‘obesity’, ‘overweight’ or ‘underweight’. Where this was the case,
the BCS record was reviewed and, if necessary, amended to reflect the diagnosis.

Data handling and statistical analysis

Sample size. A formal sample size calculation was not performed. Instead, the aim was to
include as many dogs as possible that met the eligibility criteria. The dataset available was at
least as large as those used in other studies to create growth charts [18], and the larger datasets
used were comparable (in terms of the number of data points) to those used by the WHO Mul-
ticentre Growth Reference Study Group to construct the WHO Child Growth Standards [19].

Data cleaning. The datasets were cleaned by first excluding extreme upper outliers (i.e.
more than 3 times the median weight for individuals over 1yr old). Bodyweight was then split
into 40 equal-size age groups and plotted as box-and-whisker plots [20]. Loess (smoothed)
regression lines, with a smoothing span of 0.8, were fitted through the upper and lower outlier
limits of each bin (defined as 150% of the upper and lower whiskers), and points outside these
lines were excluded. Additional data cleaning was implemented for dogs with repeat visit data
(‘within dog cleaning’), where it was possible to check plausibility of recorded bodyweights
against previous and subsequent measurements for the same animal. To do this, bodyweights
were converted to z-scores (i.e. converted to a standard deviation scale, oriented at the median)
using the appropriate initial growth curve model, and then the distance of each point from the
mean of the remaining points for that dog was calculated as a multiple of the standard devia-
tion of those remaining points. All data points where this multiple was greater than 3 were
assumed to be outliers and were excluded.

Small numbers of observations were also removed from the datasets for these final models
on the basis that the bodyweights had apparently been rolled over from previous visits (which
is sometimes done in Banfield hospitals if the scale is unavailable when the pet is checked in),
the dog became pregnant, or there was some doubt over the recorded sex (for example, a
female dog booked in for a castration).

Creation of growth centile curves. Growth centile curves were constructed using Gener-
alised Additive Models for Location, Shape and Scale (GAMLSS) [21], the same model class
that the WHO Multicentre Growth Reference Study Group used to construct the WHO Child
Growth Standards [2]. GAMLSS is a semi-parametric modelling technique, whereby aspects of
the underlying distribution (central tendency, spread, skewness and kurtosis) are estimated as
smooth functions of the predictor variable(s). All analysis was performed with R3.1.1 [22],
using the R package gamlss [21]. Creation of the growth centile curves was a multi-stage pro-
cess and further criteria were applied specifically to certain stages, as outlined below. The vari-
ables used in the models were age and bodyweight. Age was raised to the power of 0.1 before
modelling as this best improved the fit of the resulting models out of a range of powers tried
between 0.001 and 2. Separate models were built for diverse combinations of demographic fac-
tors, including breed, sex and neuter status / neuter age, at different stages in the project, in
order to investigate the effects of neutering and breed size (see below).

Choice of model. Two particular GAMLSS models were considered: the BCCG (Box-Cox
Cole-Green) model, which models central tendency, spread and skewness, and the more com-
plex BCPE (Box-Cox Power Exponential) model, which additionally models kurtosis and has
the BCCG model as a special case (when kurtosis is absent).

Smoothing techniques. The functions for location, scale, skewness and kurtosis were
smoothed with penalised beta splines, using the local Generalised Akaike Information Crite-
rion [23] to estimate the most appropriate value for the degrees of freedom. This was done
using the pb() function in the gamlss R package [21]. Smoothing parameters were chosen by
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assessing model fit and suitability across a range of values, with a focus on those lying between
the Akaike Information Criterion (AIC) and the Schwarz Bayes Criterion (SBC), as recom-
mended by Rigby & Stasinopoulos [24].

Modelling strategy. The BCPE model was fitted, initially using the SBC as smoothing cri-
terion for all parameters (i.e. central tendency, spread, skewness and kurtosis). Model fit was
examined using techniques described previously [25], including residual plots, normal score
plots and worm plots. To achieve an acceptable fit, models were successively refitted adjusting
the smoothing spline degrees of freedom. If the kurtosis function was largely flat the model
was compared to the simpler BCCG model. Avoiding over-fitting was prioritised over improv-
ing goodness of fit [25].

Plotting of growth centile curves. The models were displayed graphically as centile
curves covering the age range 12 weeks to 2 years, and showing centiles 0.4%, 2%, 9%, 25%,
50%, 75%, 91%, 98% and 99.6%. These centiles are the same as those used in the UK-WHO
growth charts [26], and they are also equally spaced on the z-score (standard deviation) scale,
which is advantageous from an arithmetic point of view.

Models were initially fitted for purebred dogs of 8 breeds (American Cocker Spaniel, Bea-
gle, Chihuahua, German Shepherd Dog, Labrador Retriever, Pomeranian, Shih Tzu and York-
shire Terrier), and also for the "Pit Bull type’ given that this was common, in terms of numbers
of dogs within the database. Additional models for intact dogs (only) were added later for a
further 5 breeds (Boston Terrier, Dachshund, Great Dane, Mastiff and Pug). Separate charts
were constructed for males and females, and for intact dogs and 4 neutering age groups, which
were chosen to be of approximately equal size across all breeds (0 to <22 wks, 22 to <26 wks,
26 to <37 wks and >37 wks). These charts were then used to address the effects of neutering,
breed and size (using adult body weight) on growth.

Methods used to address effects of neutering during chart development. The initial
models for the original 9 breeds were used to assess the effects of neutering on bodyweight in
two ways. The first involved a visual comparison of centiles for intact and neutered dogs,
whilst the second involved modelling changes in centiles after neutering. For the visual com-
parison approach, for each breed x sex combination, the bodyweights for all neuter-age groups
were converted to z-scores based on the model for intact dogs. These were plotted against age
and assessed visually, the x-axis indicating the intact group median, and a positive/negative
slope indicating an increasing/decreasing centile trend in the neuter group.

For the modelling approach, a subset of the data was selected, comprising dogs where the
neutering age was known (henceforth referred to as ‘baseline’) and at least one post-neutering
bodyweight measurement had been recorded. Dogs were excluded when their baseline z-score
was greater than 3, the difference between the baseline centile and the average centile of the
post-neutering visits divided by the standard deviation of the centiles was greater than 5, or a
post-neutering visit centile in the first 4 weeks differed from the baseline centile by >40%
(absolute). GAMLSS was then used to model post-neutering changes in z-score in terms of the
number of weeks from the neutering event. A t-family distribution was used for the residual
distribution, and a Box-Cox transformation was applied to the dependent variable where it
improved fit. The starting model for the stepwise GAMLSS allowed the models for location
and spread to be a smooth function of ‘weeks since neutering’ whilst the degrees of freedom
was modelled as a numerical constant term. The most complex model allowed to the stepwise
GAMLSS included all of the location, spread and degrees of freedom as smooth functions of
"weeks since neutering’, ‘neuter age’ and ‘model z-score at neutering’, with interactions up to
second order. The least complex model allowed had all three terms as numerical constants.
The smooth functions were fitted using p-splines (penalised beta splines), with local maximum
likelihood used to choose the degrees of freedom for the smoothing. Interaction terms were
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fitted as varying coefficient models. The possibility that any of the smooth functions in the fin-
ished model could be simplified to linear functions was then checked manually. The model
was used to calculate median predicted changes from baseline together with the associated
interquartile ranges for a dog on the 50™ centile at the time of neutering, at successive 1 week
intervals from neutering to 2 years old. The four neuter-age ranges were represented by neu-
tering ages of 22 wks, 26 wks, 37 wks and 52 wks. Plots of these data (by breed, sex and neuter
age) were then examined visually and the interquartile ratio (interquartile range divided by the
median, a non-parametric equivalent to the coefficient of variation) was calculated at each age.
This enabled the size of the predicted spread to be summarised relative to the size of the pre-
dicted change (at the level of breed, sex and neutering age).

Comparison of growth curves modelled on breed with growth curves modelled on adult
size. Our overall aim for these comparisons was to determine whether growth could success-
fully be modelled on size (using adult body weight) irrespective of breed, or whether it was
essential to build breed-specific charts. A subset comprising data from intact dogs from 33
common breeds was extracted. Growth centile curves were then constructed for groups of
breeds in the same adult size category (Table 1), initially defined to be the pre-existing size
classes [10]. These were then compared with the breed-specific models, and the size categories
subsequently adjusted as necessary. Size category models were assessed against the breed-spe-
cific models for breeds in that size category, and it was assumed that the breed models were
more accurate. Predicted weight trajectories from the two models were compared graphically,
for theoretical dogs situated on the standard centiles of the breed-specific model at 3 or 6
months of age (the ‘reference age’). An additional comparison was made with the size category
model refitted on data excluding the breed under examination, to check for undue influence
of the breed on the size category. The level of agreement was designated as acceptable if none
of the trajectories crossed neighbouring centile lines.

Initial adjustments to the size categories were made when anomalies in the residuals or
indications of poor fit in the size category models were identified. Further refinements were
then made on the basis of hierarchical cluster analyses (using a Euclidean distance metric with
average linkage, and undertaken separately for males and females) of growth trajectories con-
structed from loess smoothed median weights at 29 age points (0.25 yrs, 0.30 yrs, 0.35 yrs, . . .,
1.5 yrs, 1.6 yrs, 1.8 yrs, 2 yrs). This analysis was repeated for 2 different sets of data: set 1 com-
prised 33 breeds in the main dataset (cleaned as previously described) whilst set 2 comprised
an extended set of 73 breeds for which there were visits recorded for over 5000 purebred indi-
viduals under 2 years old. The data in set 2 were cleaned as for set 1 with respect to visit reason
or diagnosis, but were not cleaned with respect to body condition score (due to the BCS model
not being available for all the breeds in this extended set). Therefore, set 1 was a smaller dataset
with fewer breeds, but excluded dogs whose body condition was unlikely to be ideal. In con-
trast, set 2 was larger, with more breed coverage, but the data may have included overweight
and underweight individuals. When constructing the new size categories, set 1 was considered
to have priority over set 2 in the case of disagreement. The agreement between the size cate-
gory models and breed-specific models was then rechecked as above.

Results
Sample population

There were 5 main datasets used in the analyses: the dataset for the initial breed-specific mod-
els, the dataset for the final breed-specific models, the dataset for the final size category curves,
and the datasets for the two clustering analyses. The final dataset sizes are summarised in
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Table 2. Final sizes of the 5 main datasets used and their associated sub-datasets.

Dataset Total Dataset Size Sub-Datasets

Data Dogs' |No. Type Data points? Dogs?

points’
Initial Breed Specific 253x10° | 4.43 90 | 9Breeds x 2 Sexes x 5 Neuter | 5.40 x10% (575 t0 1.87 x10%) | 1.45x10° (79 to 5.57 x10%)
Models x10* groups
Final Breed Specific 1.06x10° |3.3x10* |30 | 15Breeds x 2 Sexes 3.57 x10% (24110 1.13x10%) | 1.16 x10° (78 to 3.52 x10%)
Models
New Size Category 1.58x10° |4.97 12 | 6 Breed sizes x 2 Sexes 16.6 x10°(8.75x10%t02.13 | 5.25 x10° (3.00 x10° t0 6.49
Models x10* x10%) x10%)
SET 1 Clustering 2.05x10° |6.2x10* N/A N/A N/A
SET 2 Clustering 1.11x10” |3.27 N/ | N/A N/A N/A

x10° A

' Total number of datapoints and dogs within the respective dataset.
2 Median (range) number of datapoints and dogs within each of the data subsets used in the modelling.

https://doi.org/10.1371/journal.pone.0182064.t002

Table 2, whilst Fig 1 illustrates the steps in constructing these datasets and shows the number
of observations and dogs remaining in the dataset at each stage.

Construction of breed specific growth curves

Growth centile curves were successfully constructed for each of the 100 breed-specific models
examined (i.e. 5 neuter categories x 2 sexes x 9 original breeds, plus 1 neuter category [intact]
x 2 sexes X 5 further breeds). All the curves constructed were based on the BCPE model, and

the vast majority (82 models) used the SBC as the smoothing criterion for all four parameters.

Comparison of growth curves for neutered and intact dogs

Visual comparison. Figs 2 and 3 illustrate the median (50 centile) curves for each of the
9 breeds for each neuter age group, for males and females respectively, after conversion to z-
scores using the appropriate intact group model. As illustrated, changes in the rate of growth
associated with neutering created slight differences in the centile curves for most breeds, but
they were too small to cause centile lines to cross over neighbouring lines. Indeed, centile
crossing was seen in only 4/64 instances and never crossed more than 1 neighbouring curve.

Neutering between 22wks and 26wks, and between 26wks and 37wks of age, was associated
with various patterns of change, depending on breed, but a short-lived upwards shift (of <1
centile) with subsequent return to the original trajectory was most commonly seen (Figs 2 and
3). The effects of neutering before 22wks were similar, except that the upward shifts in growth
trajectory were more pronounced. However, small differences (e.g. up to half a centile channel
width) in growth trajectories for neutered and intact dogs were sometimes evident even by
12wks of age (the lower age limit of the growth curves), and especially noticeable in the smaller
breeds. This was not the case for the other neuter age groups and suggests that dogs that are
neutered early may be a different, slightly heavier population, complicating the interpretation
for this group. Finally, late neutering (after 37wks of age) led to small (<1 centile) decreases in
trajectory of centile curves for almost all of the breed x sex combinations.

Modelling differences in centiles post-neutering. When differences in centiles were
modelled post-neutering, the general trends in growth trajectory observed were similar to
those identified by visual assessment. However, the downwards deviation in growth trajectory
was less evident for neutering after 37 weeks of age. In addition, for all the examined breed x
sex combinations, the interquartile ratio was large (Table 3), meaning that the spread of the
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Fig 1. Data cleaning process. Flow diagram illustrating the data cleaning process for datasets used in the creation of growth curves and steps
involved in constructing the different datasets (light blue boxes) from the original anonymised patient record database.

https://doi.org/10.1371/journal.pone.0182064.9001
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Fig 2. Effect of neutering on growth in male dogs. Median (50" centile) curves for males of each of the 9 breeds for each neuter age group (a:
<22wks; b: 22-26wks; c: 26-37wks; d: >37wks), after conversion to z-scores using the appropriate entire group model. The vertical dashed lines
represent the timing of neutering in each of 4 groups. The horizontal dashed lines indicate the standard centiles (0.4%, 2%, 9%, 25%, 50%, 75%, 91%,
98% and 99.6%). A horizontal plotted curve represents exact correspondence between the neuter group centile and the intact group centile whilst, at
that any given age, a positive or negative slope indicates an increased or decreased weight in the neuter group centile compared with the intact group
centile, respectively.

https://doi.org/10.1371/journal.pone.0182064.9002

population around the predicted change in z-score was wide in comparison to the magnitude
of the predicted change. Examination of individual plots confirmed this observation and also
that the interquartile ranges included the lines of zero change. This suggests that dog-to-dog
variability was large compared with the magnitude of the post-neutering change in median
weight predicted by the models. For most breeds, the earlier the neutering was performed, the
more variable its effect.

Comparison of growth curves modelled on breed and adult size

All the size-category models (both those using the pre-existing size classes and those based on
the later adjusted size<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>